Despite strong possibility that endothelial cells (ECs) of tumors and normal tissues may differ in various aspects, most previous studies on ECs have used normal cells. Here, we purified ECs from tumorous and normal human breast tissues, and studied the effect of radiation on angiogenesis and relevant molecular mechanisms in these cells. We found that in normal tissue-derived ECs (NECs), 4 Gy irradiation increased tube formation, matrix metalloproteinase 2 (MMP-2) expression and extracellular signal-regulated kinase (ERK) pathway activation. In cancer-derived ECs (CECs), however, 4 Gy irradiation significantly reduced tube formation, increased the production of angiostatin and interleukin-6 (IL-6), and upregulated AKT and c-Jun N-terminal kinase (JNK) pathway activation. Knockdown experiments showed that siMMP-2 efficiently inhibited tube formation by irradiated NECs, whereas siPlasminogen effectively attenuated the radiation-induced suppression of tube formation and the upregulation of angiostatin in CECs. Moreover, siIL-6 clearly inhibited the radiation-induced generation of angiostatin in CECs. Inhibition of ERK with a pharmacological inhibitor or small interfering RNAs (siRNAs) markedly suppressed the radiation-induced tube formation and MMP-2 upregulation in NECs, whereas the inhibition of either AKT or JNK with pharmacological inhibitor or siRNA treatment of CECs markedly attenuated the inhibition of tube formation and the upregulation of angiostatin and IL-6 caused by 4 Gy irradiation. These observations collectively demonstrate that there are distinct differences in the radiation responses of NECs and CECs, and might provide important clues for improving the efficacy of radiation therapy.
INTRODUCTION
Radiotherapy is one of major cancer treatment modalities. Although the death of clonogenic parenchymal tumor cells via direct effects of ionizing radiation (IR) is important in response of tumors to radiotherapy, a wealth of evidence indicates that the ultimate outcome of treatment is also critically affected by radiation-induced damage to stromal cells, including endothelial cells (ECs) and tumor vasculature. 1 Survival, proliferation and radiosensitivity of malignant tumor cells are greatly influenced by the supply of oxygen via circulating blood; severe vascular damage depletes the supply of oxygen and other nutrients, leading to necrotic tumor cell death. 2 Conventional fractionated radiotherapy (1.5-2.0 Gy daily doses) causes relatively little damage in tumor vasculatures, thereby allowing reoxygeneration of hypoxic tumor cells. 2 Sublethal radiation damage to ECs may be repaired during fractionated irradiation and thus functional integrity of tumor vessels may be preserved. On the contrary, hypofractionated radiotherapy such as stereotactic radiation surgery or stereotactic body radiation therapy with doses higher than about 10 Gy in a single fraction or 20-60 Gy in limited numbers of fraction has been reported to cause severe vascular damage leading to deterioration of intratumor microenvironment and indirect cell death (necrotic cell death). 2 In this context, it was reported that radiation caused rapid apoptosis in tumor ECs by promoting ASMase (acidic sphingomyelinase)-mediated generation of ceramide, and that radiotherapy-induced tumor regression is due to the death of ECs comprising the tumor vasculature. [2] [3] [4] [5] This notion, however, was disputed by those who believe that the main cause of radiation-induced tumor regression is its direct effect on tumor cells. 6, 7 Detailed delineation of the radiosensitivity of tumor ECs will help us understand the role of vascular damage in response of tumors to radiotherapy.
The response of ECs to IR in vivo is known to be greatly influenced by microenvironmental factors and related molecular signals. 1, 8 Angiogenesis is caused by the activation of pro-survival signaling pathways in ECs by factors such as vascular endothelial cell growth factor (VEGF) upregulated by hypoxia-inducible factor-1. 1 This implies that the vascular damage and ensuing hypoxia in irradiated tumors may promote the survival and proliferation of ECs in tumors, 9, 10 as well as the invasion and metastasis of tumor cells. [11] [12] [13] [14] [15] Matrix metalloproteinases (MMPs) are also involved in tumor progression and angiogenesis; 16 their enzymatic activity degrades the structure of the extracellular matrix 17, 18 and cleaves a broad range of growth factors and cell surface receptors. 17, 18 MMP-2 and -9 are reportedly upregulated by various hormones, cytokines and growth factors in its role as a crucial factor for vascular remodeling in response to angiogenic stimuli. 19, 20 Furthermore, angiostatin and endostatin generated via the MMP-mediated proteolytic cleavage of plasminogen and collagen XVIII, respectively, have been suggested to be strongly involved in anti-angiogenic responses. [21] [22] [23] The late damage observed in normal tissues after radiotherapy is closely related to vascular damage. 24 Therefore, when applying radiotherapy to tumors, it is important to minimize damage to the vasculature of normal tissues. An immediate question is whether the radiosensitivities of ECs differ between tumors and normal tissues. Although it has been suggested that hastily formed tumor ECs may differ structurally, functionally and genetically from the more mature ECs of normal tissues, [25] [26] [27] [28] [29] [30] [31] the potential differences in the radiosensitivities of these ECs have not been fully elucidated. Most previous in vitro studies on radiosensitivities of ECs have used normal EC lines, largely due to the lack of a suitable technique for isolating sufficiently pure populations of ECs from tumor tissues. We recently established an efficient and fairly simple method for isolating ECs from tumorous and normal tissues from human breasts, and elucidated various radiological aspects of these cells. 5 Here, we investigated the differences in angiogenic behavior of cancer-derived ECs (CECs) and their normal counterparts (normal tissue-derived ECs (NECs)) in response to irradiation. We found that 4 Gy irradiation of NECs promoted formation of capillary-like tubes via extracellular signal-regulated kinase (ERK)-mediated MMP-2 expression, whereas 4 Gy irradiation of CECs significantly suppressed formation of capillary-like tubes via the IL-6-mediated generation of angiostatin.
RESULTS

IR has opposing angiogenic effects on NECs and CECs
We previously determined the purity of the isolated ECs using endothelial markers (CD31 and CD105), and found that the expression level of EC markers CD31 or CD105 was high in both NECs and CECs as well as in the positive control human dermal microvascular ECs. 5 Furthermore, both NECs and CECs were able to form capillary-like tubes on Matrigel-coated plates as did the human dermal microvascular ECs. 5 To investigate the effects of IR on the angiogenic potential of NECs and CECs, we performed capillary-like tube formation assays on ECs from five different patients. Although tube formation was slightly greater by CECs than by NECs before irradiation, 4 Gy irradiation increased tube formation by NECs but effectively suppressed that by CECs from all five patients at 16-h post-irradiation ( Figure 1a and Supplementary Figure 1a) . We next used reverse transcriptase-PCR (RT-PCR) to examine the effect of irradiation on the cellular expression of pro-and anti-angiogenic factors in NECs and CECs isolated from patient A. As shown in Figure 1b , mRNA expression of MMP-2 in NECs markedly increased at 24 h after irradiation, and then slightly decreased at 48 h. Irradiation also slightly increased mRNA expression of MMP-2 in CECs, but to a lower degree than that seen in NECs (Figure 1b) . In NECs, mRNA expression of MMP-9 decreased for 48 h after irradiation, whereas that in CECs was negligible before irradiation and was unaltered by irradiation ( Figure 1b) . The mRNA expression levels of tissue inhibitor of metalloproteinases (TIMPs)-1 and -2, angiopoietin (ANG) and VEGF in both NECs and CECs were similar and not altered by 4 Gy irradiation (Figure 1b) . The mRNA expression of VEGF receptor 2 (VEGFR2) in NECs was much higher than that in CECs before irradiation, but these levels were not greatly altered by irradiation. The mRNA expression of plasminogen, which encodes the precursor protein of angiostatin, was negligible in both NECs and CECs before irradiation, but that in CECs significantly increased at 24 and 48 h after irradiation (Figure 1b) . The mRNA level of type XVIII collagen, which encodes the precursor protein of endostatin, was high in both NECs and CECs, and remained unchanged after irradiation (Figure 1b) . These results suggested that the increased expression of MMP-2 and plasminogen in NECs and CECs, respectively, may be involved in their pro-and anti-angiogenic responses to IR. To confirm this, we determined mRNA expression levels of MMP-2 and plasminogen before and after irradiation in ECs isolated from the four other patients, and obtained similar results (Supplementary Figure 1b) . We then used zymography to examine the effect of 4 Gy irradiation on activities of MMP-2 and -9 in NECs and CECs from patient A. As shown in Figure 1c , enzyme activity of MMP-2 in NECs markedly increased 24 and 48 h after irradiation, whereas no significant change in MMP-2 activity was observed in CECs after irradiation. We did not detect any MMP-9 activity in either cell type (Figure 1c) . Similar results were obtained in ECs from the four other patients (Supplementary Figure 1c) .
It was previously reported that the proteolytic cleavage of plasminogen by several enzymes (including MMPs) generates angiostatin, which has potent anti-angiogenic effects. 21 Therefore, we measured angiostatin generation in ECs from patient A for 48 h after 4 Gy irradiation. As shown in Figure 1d , angiostatin level in the culture medium of CECs significantly increased after irradiation, whereas that in the culture medium of NECs slightly decreased after irradiation. Similar results were obtained in CECs and NECs isolated from the four other patients (Supplementary Figure 1d) .
To clarify the roles of MMP-2 and angiostatin in angiogenic responses of irradiated ECs, we pre-treated NECs and CECs with small interfering RNAs (siRNAs) against MMP-2 and plasminogen for 24 h, respectively, and then irradiated the cells with 4 Gy. As shown in Figure 2a , siRNA-mediated MMP-2 knockdown efficiently inhibited the radiation-induced increase in tube formation by NECs, whereas siRNA-mediated knockdown of plasminogen in CECs effectively reduced the radiation-induced generation of angiostatin and restored tube formation (Figures 2b and c) . These results clearly indicate that MMP-2 and angiostatin have decisive effects on pro-and anti-angiogenic behaviors of NECs and CECs, respectively, after 4 Gy irradiation. IR activates different signaling pathways in NECs and CECs AKT and mitogen-activated protein kinases (MAPKs) have been shown to have important roles in pro-and anti-angiogenic effects of diverse stimuli. 32 To determine the potential involvement of AKT and MAPKs in the opposing angiogenic responses of NECs and CECs to 4 Gy irradiation, we first used western blot analysis to examine their protein and activation levels before and after irradiation. As shown in Figures 3a, 4 Gy irradiation increased the levelof phosphorylated (activated) ERK in NECs in 3 h. The basal level of phosphorylated ERK in CECs was higher than that in NECs, and irradiation caused a progressive decline in the level of phosphorylated ERK in CECs. Conversely, irradiation rapidly and markedly upregulated the levels of phosphorylated AKT and c-Jun N-terminal kinase (JNK) in CECs, but only slightly upregulated those in NECs (Figure 3a) . The basal level of phosphorylated p38 MAPK was higher in CECs than in NECs, but irradiation caused no significant change in that level in either cell type (Figure 3a ). There was also no change in the total protein levels of AKT, JNK, p38 MAPK or ERK (Figure 3a) . Similar results were obtained in NECs and CECs isolated from the four other patients (Figure 3b ). These results collectively indicate that irradiation may alter the pro-and anti-angiogenic responses of NECs and CECs, respectively, via differential activation of signaling pathways.
IR increases the angiogenic capacity of NECs via the activation of ERK To further determine whether ERK activation is required for the radiation-induced increase in capillary-like tube formation by NECs, we pre-treated NECs with a specific MEK/ERK inhibitor (PD98059) for 30 min, irradiated the cells with 4 Gy, and then the mRNA expression and enzyme activity of MMP-2 was assessed with RT-PCR and zymography, respectively. In NECs, PD98059 effectively blocked the upregulation of mRNA expression and enzyme activity of MMP-2 caused by 4 Gy irradiation (Figure 4a decreased the radiation-induced increases in mRNA expression and enzyme activity of MMP-2 ( Figure 4b ). Moreover, PD98059 or siRNAs targeting ERK significantly reduced the radiation-induced increase in tube formation by NECs (Figure 4c ). These results show that ERK-mediated increases in MMP-2 expression and activity contribute to the radiation-induced increase in capillary-like tube formation by NECs.
IR decreases the angiogenic capacity of CECs via JNK-and AKTmediated generation of angiostatin To examine the potential involvement of AKT or JNK in antiangiogenic response of CECs to irradiation, we pre-treated CECs with LY204002 or SP600125 (specific inhibitors of phosphatidylinositol 3 kinase/AKT and JNK, respectively) for 30 min, and then irradiated the cells with 4 Gy. We found that pre-treatment with both LY204002 and SP600125 efficiently blocked the radiationinduced upregulation of plasminogen mRNA expression and angiostatin generation in CECs (Figures 5a and b) . Furthermore, treatment of CECs with siRNAs targeting either AKT or JNK also clearly suppressed the radiation-induced upregulation of plasminogen mRNA expression and angiostatin generation (Figures 5c  and d ). In addition, inhibition of AKT or JNK activity by their specific inhibitors or siRNAs effectively blocked the radiationinduced suppression of tube formation by CECs (Figure 5e ). These results strongly suggest that AKT and JNK pathways act on angiostatin generation and mediate the radiation-induced suppression of angiogenic behavior by CECs. To further elucidate the possibility of cross-talk between AKT and JNK, we irradiated CECs with 4 Gy in the presence or absence of LY204002 or SP600125. As shown in Figure 6a , the radiation-induced activations of AKT or JNK were completely abrogated by LY204002 or SP600125, respectively. Furthermore, SP600125 effectively blocked the radiation-induced activation of AKT, whereas LY204002 did not reduce the radiation-induced activation of JNK, indicating that JNK may be an upstream activator of AKT in response to irradiation. We further confirmed the specificity of these effects using siRNAs targeting JNK and AKT. Consistent with the results obtained with pharmacological inhibitors, transfection of CECs with siRNAs targeting AKT substantially blocked the activation of AKT but did not alter the radiation-induced activation of JNK in CECs (Figure 6b ). Furthermore, siRNAs targeting JNK effectively attenuated the AKT activation in irradiated CECs (Figure 6b ). These results suggest that 4 Gy irradiation leads to JNK-mediated AKT activation and the subsequent generation of angiostatin in CECs.
Upregulation of IL-6 is required for IR-induced generation of angiostatin in CECs As interleukin-6 (IL-6) is involved in the expression of plasminogen, [33] [34] [35] we examined whether IL-6 had a role in the generation of angiostatin in irradiated CECs. As shown in Figure 7a , the timedependent generation of IL-6 increased to a greater degree in CECs than in NECs. Similar results were also obtained in CECs and NECs isolated from the four other patients (Supplementary Figure 2) . To determine whether the increase in IL-6 generation was directly related to the expression of plasminogen and the generation of angiostatin in irradiated CECs, we pre-treated CECs with siRNA targeting IL-6 for 24 h, and then irradiated the cells with 4 Gy. The siRNA-mediated knockdown of IL-6 effectively abolished the expression of plasminogen and the generation of angiostatin in irradiated CECs (Figures 7b and c) . These results show that IL-6 act as a key mediator of the generation of angiostatin by CECs irradiated with 4 Gy. To examine the relationship between activation of JNK/AKT pathway and the generation of IL-6, we pre-treated CECs with siRNAs targeting AKT or JNK for 24 h, and then irradiated the cells with 4 Gy. As shown in Figure 7d , the siRNA-mediated knockdowns of both AKT and JNK effectively reduced the generation of IL-6 in irradiated CECs, suggesting that radiation-induced activation of JNK/AKT pathway leads to the expression and generation of IL-6 in CECs. To examine the possibility that IL-6 could affect the activation of AKT and JNK, we pre-treated CECs with siRNAs targeting IL-6 for 24 h, and then irradiated with 4 Gy. IL-6 knockdown did not attenuate the activation of AKT or JNK in irradiated CECs, indicating that the JNK/ AKT pathway is an upstream activator for the radiation-induced expression and generation of IL-6 (Figure 7e ). These results show that JNK/AKT pathway has a key role in the radiation-induced generation of IL-6 and angiostatin from CECs.
DISCUSSION
5 In addition, we have shown that 8 Gy irradiation reduces the capillary-like tube formation and cell migration of both NECs and CECs, and that this suppression was significantly greater for CECs than NECs. 5 Similar to our findings, irradiation with high doses (410 Gy) was reported to inhibit angiogenesis of ECs and also induces EC death. 4 In our preliminary studies, we investigated the effects of various doses of radiation on the ability of NECs and CECs to form capillary-like tubes, and found that the difference in angiogenic properties between NECs and CECs was greatest after irradiation with 4 Gy (Supplementary Figure 3) . It is of note that 4 Gy is clinically relevant dose in radiotherapy. 36 In this study, we thus further investigated the effect of 4 Gy irradiation on the angiogenic activities and pertinent signaling pathways of NECs and CECs. We observed that 4 Gy irradiation promotes the formation of capillary-like tubes by NECs but markedly suppresses that by CECs. We further found that MMP-2 activation is involved in the promotion of tube formation by NECs irradiated with 4 Gy, and ERK activation is required for their pro-angiogenic activity. We also discovered that activation of AKT and JNK is involved in the angiostatin-mediated suppression of tube formation by CECs irradiated with 4 Gy.
Previous reports have indicated that radiotherapy acutely or persistently changes tumor microenvironment by altering vascular functions, 37, 38 and the radiation-induced production of proangiogenic molecules have been reported to contribute to the radio resistance of tumors by promoting intratumor angiogenesis. 9, 10 Therefore, anti-angiogenic therapy in combination with IR may improve the efficacy of radiotherapy. [11] [12] [13] [14] [15] Whereas normal endothelium surrounding tumors is also damaged when the tumors are treated with radiotherapy, 39 there have been no comparative studies examining the effects of IR on normal and cancerous ECs. In this study, we provide evidence showing that these ECs respond differently to IR.
We found that 4 Gy irradiation decreases tube formation by NECs but promotes that by CECs (Figure 1 ). This observation is in good agreement with previous reports that CECs are radiosensitive, and strongly supports the notion that radiation-induced vascular damage has an important role in radiation-induced tumor regression. [2] [3] [4] [5] Contrary to several reports that tube formation by NECs might also be suppressed by IR, 40 we found that 4 Gy irradiation promoted tube formation by NECs (Figure 1 ). Consistent with our results, a recent report demonstrated that IR promoted the formation of capillary-like tubes by human umbilical vein ECs (a normal EC line) by inducing expression of proangiogenic micro RNAs. 41 IR has been reported to induce the expression of diverse genes related to cell growth and immune responses, including basic fibroblast growth factor, platelet-derived growth factor and IL-6, in various types of normal ECs, including bovine aortic ECs, porcine aortic ECs and human umbilical vein ECs. 42, 43 As these well-known angiogenic factors are believed to have important roles in modulating radiation response via autocrine or paracrine mechanisms, 42, 43 it would be reasonable to assume that ECs in the radiation-damaged normal tissues may participate in angiogenic processes by secreting angiogenic factors.
MMPs have key roles in angiogenesis by increasing the expression and secretion of angiogenic growth factors. [16] [17] [18] Our results indicated that 4 Gy irradiation increases the expression and secretion of MMP-2 in NECs but not in CECs, and further showed that MMP-2 has a crucial role in the increase in tube formation by NECs irradiated with 4 Gy (Figure 2) . Interestingly, the basal expression level of MMP-2 in NECs was lower than that in CECs before radiation exposure; notably, however, 4 Gy irradiation markedly increased MMP-2 level in NECs, but did not affect that in CECs (Figure 1b) . The higher basal expression of MMP-2 in CECs may be a characteristic of the intratumor microenvironment, such as hypoxia in which cancer cells may produce various proangiogenic factors including MMP-2. The expression levels of VEGF and VEGFR2 were not altered in NECs irradiated with 4 Gy, indicating that the radiation-induced increase in MMP-2 does not affect the signaling pathways that mediate VEGF expression.
Angiostatin has been reported to potentiate the effect of IR on diverse types of cancer. 44 Angiostatin is a proteolytic fragment of plasminogen that functions as a potent endogenous inhibitors of angiogenesis 21 and inhibits the proliferation and migration of ECs. 45 In agreement with previous reports, we found that 4 Gy irradiation significantly increased the expression of plasminogen and the generation of angiostatin in CECs (Figure 1 ). In addition, our results showed that angiostatin has a crucial role in the suppression of tube formation by CECs irradiated with 4 Gy (Figure 2 ), indicating that the angiostatin generation by irradiated CECs may inhibit their angiogenic properties via autocrine regulation. MMPs have been suggested to participate in antiangiogenic processes by cleaving plasminogen to generate angiostatin. 46 Given that the basal expression level of MMP-2 in CECs was higher than that in NECs, we suggest that the plasminogen induced by irradiation could be cleaved by the upregulated MMP-2, thereby increasing the generation of angiostatin in CECs irradiated with 4 Gy. The ATP synthase on the surface of ECs has been reported to selectively bind to angiostatin, 47 contributing to suppression of angiogenesis. Therefore, future studies are warranted to examine the expression of ATP synthase in CECs after irradiation, and its potential involvement in the radiation-induced suppression of their angiogenic properties.
Previous reports have shown that IR induces MMP-2 expression in both cancer cells and ECs. [48] [49] [50] [51] ERK pathways have been implicated in the expression of MMP-2 in response of ECs to many stimuli. [52] [53] [54] Consistent with these findings, we observed that 4 Gy irradiation triggers the expression and secretion of MMP-2 in NECs through ERK pathway activation (Figures 3 and 4) . Our results further indicated that upregulation of MMP-2 via activation of ERK is required for the angiogenic capacity of NECs after irradiation.
In this study, we found that activations of AKT and JNK were critical for the generation of angiostatin by CECs irradiated with 4 Gy (Figures 3 and 5) . Notably, the inhibition of JNK activity by chemical inhibitors or siRNAs effectively attenuated the radiationinduced activation of AKT, indicating that JNK activation acts on upstream of AKT activation in response of CECs to irradiation ( Figure 6 ). These results are consistent with a previous report that JNK-mediated phosphorylation of AKT at residue Thr 450 was crucial for the subsequent activating phosphorylation of AKT at Ser 473 in cardiomyocyte after hypoxic injury. 55 IL-6 is known to be involved in the upregulation of plasminogen. [33] [34] [35] Previous studies have shown that activations of phosphatidylinositol 3 kinase/AKT and JNK contribute to the expression of IL-6. [33] [34] [35] In agreement with these reports, we observed that 4 Gy irradiation induced the expression and generation of IL-6 in CECs (Figure 7 ). Knockdown of JNK or AKT with siRNAs effectively attenuated the generation of IL-6 by irradiated CECs (Figure 7 ). Given that IR induces the expression of IL-6 in human ECs, 56 we speculate that the activation of JNK/AKT pathway in irradiated CECs upregulates IL-6, which would increase the expression of plasminogen via an autocrine mechanism, allowing plasminogen to be converted into angiostatin via MMP-2-mediated proteolytic cleavage. IL-6 is considered a potent angiogenic cytokine. 57, 58 However, a previous report argued that IL-6 inhibits angiogenesis and suppresses neuroblastoma tumor growth. 59 Here, we found that IL-6 generated from irradiated CECs did not seem to participate in the angiogenic process, but rather participated in the expression and generation of angiostatin, thereby inhibiting the angiogenic properties of CECs (Figure 7) . Further studies are warranted to define the potential involvement of IL-6 in the generation of angiostatin in irradiated CECs.
Tumor stromal microenvironment comprises extracellular matrix and nonmalignant cells such as carcinoma-associated fibroblasts, immune cells, pericytes and ECs consisting of tumor vasculature. 1, 60 Owing to activation of inflammatory cells including immune cells by autocrine and paracrine mechanism of cytokines and chemokines, the intratumor microenvironment is intrinsically inflammatory. It is likely that intratumor inflammation is further augmented after irradiation because of radiation-induced secretion of cytokines such as IL-6. Whether the inflammatory cells or inflammatory cytokines produced in tumors affect angiogenic properties and growth of NECs in the normal tissues immediately adjacent to tumors also remains to be investigated.
In summary, we observed that 4 Gy irradiation increases capillary-like tube formation by NECs but significantly suppresses that by CECs. ERK-mediated upregulation of MMP-2 is critical for the radiation-induced increase in tube formation by NECs, whereas generation of angiostatin via activation of JNK/AKT signaling appears to be responsible, at least in part, for the radiation-induced suppression of that by CECs (Figure 8 ). These observations suggest that distinct differences in the radiation responses of normal and cancer-derived ECs may have important roles for the outcome of radiotherapy of malignant tumors.
MATERIALS AND METHODS Reagents
Matrigel was obtained from BD Biosciences (Bedford, MA, USA). Antibodies against p38 MAPK, JNK2, JNK1/2, ERK1/2 and AKT were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Anti-b-actin, -rabbit immunoglobulin G and -mouse immunoglobulin G were purchased from Sigma (St Louis, MO, USA). Antibodies against phospho-p38MAPK (Thr180/ Tyr182), -JNK1/2 (Thr183/Tyr185), -ERK1/2 (Thr202/Tyr204) and -AKT (Ser473) were obtained from Cell Signaling Technology (Beverly, MA, USA). Inhibitors specific to JNK (SP600125), MEK/ERK (PD98059) and phosphatidylinositol 3 kinase/AKT (LY204002) were purchased from Calbiochem (San Diego, CA, USA).
Patients and specimens
Written informed consent approved by the Institutional Review Board of Inha University Hospital Clinical Trial Center (IRB No. 2009 -1983 ; Incheon, Korea) was obtained from all the patients who were to undergo breast resection for breast cancer. Tumor tissues and adjacent normal breast tissues were removed from the gross specimen at the time of resection by an experienced pathologist. At least 1 cm margin between cancerous tissues and normal tissues was allowed to be sure that normal tissues obtained were not contaminated with cancer cells. Initial diagnosis, histological type and tumor percentages were determined by hematoxylin-eosin staining by a pathologist.
Isolation of ECs from cancer and normal tissues
Isolation and cultivation of ECs were correctly performed as described in our previous paper. 5 In brief, the resected tissue specimens were minced into pieces. The minced tissues were embedded in Matrigel containing basic fibroblast growth factor (Sigma-Aldrich Co., St Louis, MO, USA), and kept for 30 min at room temperature. The tissue explants embedded in the solidified Matrigel were incubated with EC culture medium (Sciencell Research Laboratories, San Diego, CA, USA) in a humidified 5% CO 2 incubator at 37 1C. After incubation for 2 week, the Matrigel with ECs growing out from the explants in to the surrounding Matrigel was carefully removed from the explants, mixed with trypsin-EDTA (Gibco Invitrogen Corp., Paisley, UK), and then agitated gently for 3 min on ice-water. The ECs were dispersed to single cells by repeated pipetting, collected by centrifugation at 4 1C, and then cultured in gelatin-coated dishes. ECs from passages 2 to 5 were used for experiments.
Transfection of siRNAs
Knockdown of genes with siRNAs was performed using double-stranded RNA molecules obtained as follows: the ERK1/2 siRNA (#6560) was purchased from Cell Signaling Technology; the siRNAs against MMP-2 
Western blot analysis
Western blot analysis was performed as described. 8 Briefly, cell lysates were prepared by extracting proteins with lysis buffer supplemented with protease inhibitors. Proteins were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). The membranes were blocked with 5% nonfat dry milk, and incubated at room temperature with the appropriate primary and peroxidase-conjugated secondary antibodies. b-Actin was used as a loading control.
Gelatin zymography for MMP activity
Subconfluent cells (about 70% confluence) were washed, replenished with serum-free EC culture medium and irradiated with 4 Gy. At 24 h after irradiation, 20 ml of culture medium was sampled, mixed with 20 ml of 2 Â sodium dodecyl sulfate zymography sample buffer (62.5 mM Tris-Hcl (pH 6.8), 10% (w/v) Glycerol, 2% (w/v) sodium dodecyl sulfate, 0.01% (w/v) bromophenol blue) (without heating) and separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis containing 0.1 mg/ml gelatin. The gels were washed with 2.5% (v/v) Triton X-100 for 1 h at room temperature, rinsed twice with water, and then incubated with developing buffer (50 mM Tris-HCl (pH 7.5), 0.2 M NaCl, 5 mM CaCl 2 , 0.1% Triton X-100) for 16 h at 37 1C. The gels were then fixed and stained with 30% methanol and 10% acetic acid containing 0.5% Coomassie blue R250 (Sigma). Finally, the gels were destained with 5% methanol and 8% acetic acid.
Assessments of angiostatin and IL-6 generation
Subconfluent cells (about 70% confluence) were washed, replenished with serum-free EC culture medium, and irradiated with a single exposure of 4 Gy. After irradiation, the generation levels of angiostatin and IL-6 in conditioned medium were measured using commercially available enzyme-linked immunosorbent assay kits purchased from RayBio (Norcross, GA, USA) and R&D Systems (Minneapolis, MN, USA), respectively.
Capillary-like tube formation assay
Four-well culture plates were coated with cold Matrigel and placed in a 5% CO 2 incubator at 37 1C to allow the Matrigel to polymerize. Cells (1 Â 10 5 per well) were seeded to the plates in complete EC culture medium, and the plates were irradiated with 4 Gy. After 16 h of incubation, the area covered by the newly formed tubes was determined using the Image J program (NIH, Bethesda, MD, USA); the number of pixels in the tube area was quantified for two images per well at 40 Â magnification. 5, 61 Statistical analysis All data presented are representative of at least three separate experiments. Differences between groups were analyzed using the Student's t-test (SPSS Statistics version 17.0, Chicago, IL, USA). Pvalueso0.05 (indicated by * or # on figures) were considered significant.
